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The insulin and 20-hydroxyecdysone (20E) pathways coordinately regulate insect growth and
metamorphosis. However, the molecular mechanism of the interaction of these two pathways in
regulating insect development is not well understood. In the present study, we found that a small
GTPase Rab4b from a lepidopteran insect Helicoverpa armigera participates in gene transcription in the
two pathways. The results show that RNA interference of Rab4b in larvae results in a decrease in
glycogen levels, small pupae, abnormal metamorphic transition, or larval death. The molecular
mechanisms are demonstrated that knockdown of Rab4b in the larvae suppresses the transcription
of glycogen synthase (GS), as well as the metamorphic-initiating factor (Br) and hormone receptor 3
(HR3), but increases the transcription of Forkhead box class O (FOXO). Further studies in the cell line
conﬁrm that Rab4b is necessary for gene transcription in the insulin and 20E pathways. Rab4b locates in
the cytoplasm and takes part in regulation on FOXO cytoplasmic location by insulin induction, but
travels toward the cell membrane upon 20E induction without affecting the FOXO location. The
transcription of Rab4b could be upregulated by insulin injection or glucose feeding to the larvae, but not
by 20E or juvenile hormone analogy methoprene. Our data suggest that Rab4b takes part in
metamorphosis by regulating gene transcription and glycogen level in the insulin and 20E pathways.
& 2012 Elsevier Inc. All rights reserved.Introduction
The molting hormone 20-hydroxyecdysone (20E) is one of the
most important factors deciding insect molting and metamor-
phosis. A high titer of 20E during the last larval stage could trigger
its nuclear receptor EcR to regulate gene transcription, including
transcription factors Br, HR3, E74, and E75, and insect metamor-
phosis is initiated (Burdette, 1962; Riddiford, 1993). Br plays
critical roles in tissue apoptosis during metamorphosis and is
known as the metamorphic-initiating factor (Karim et al., 1993;
von Kalm et al., 1994).
Recent investigations have provided convincing evidence that
the insulin pathway regulates the insect larval–pupal transition
(Walkiewicz and Stern, 2009). This ﬁnding is attributed to insect
metamorphosis, which depends on reaching the critical weight atll rights reserved.
er has been submitted to
23_2005@yahoo.com.cn
qian@yahoo.cn (Q. Song),the ﬁnal larval stage (Nijhout, 2003). The critical weight is
controlled by insulin by stimulating prothoracic gland (PG)
growth; thus synthesizing more 20E to initiate metamorphosis
(Gu et al., 2009; Stern, 2003). Suppressing the growth of PG, the
larvae spend longer time in each instar, resulting in larger pupae.
Enlarging the PG promotes growth rate and metamorphosis,
resulting in small pupae (Mirth et al., 2005; Mirth and
Riddiford, 2007). These studies indicate that insulin plays essen-
tial roles in regulating insect metamorphosis by regulating larval
growth and development of PG, thus the detailed molecular
mechanism is not well understood.
Furthermore, nutrient supply was indicated to play a crucial
role in insect metamorphosis. The Larvae of Bombyx mori died
before pupation when the last instar larvae were starved at day 1.
When starvation began on day 3, the larvae survived and had an
enhanced ecdysteriod titer in the hemolymph, which, in turn,
promoted earlier pupation. This condition suggests that nutrient
accumulation is related to metamorphosis (Chen and Gu, 2006).
Glycogen is one of the major accumulated nutrients and is
entirely consumed during the total starvation of B. mori larvae.
The glycogen storage becomes lower when carbohydrates supply
is stopped (Baud and Pascal, 1977). Although the previous studies
Table 1
Primers used in the experiments.
Primer name (5-3) Nucleotide sequence
EcR-B1 F CGCTGGTATAACAACGGAGGA
EcR-B1 R AGCTGGAGACAACTCCTCACG
USP1 F AAGGGCTCCTGGAACGAA
USP1 R ATAGGCGGTGCGTGGTTG
Br F ATGGCTGATCAATTCTGTTTA
Br R GTTCGGTGAAGAGAAATTTTC
HR3 F AAGGGTTTCTTCAGGCGATC
HR3 R GTTGGTATTTGCGTGTGCTTC
GS F GACAGTGGTAGCGTTCA
GS R GCTTCCCAATCTTCTGC
FOXO F CAAGACAACAGACTCACG
FOXO R TTGTCCGAAGTCCGTTTG
b-actin F CCTGGTATTGCTGACCGTATGC
b-actin R CTGTTGGAAGGTGGAGAGGGAA
L. Hou et al. / Developmental Biology 371 (2012) 13–2214indicate the importance of glycogen during insect development,
whether glycogen determines metamorphosis needs further
investigation.
It is well known that insulin is known to regulate carbohydrate
metabolism, growth, lifespan, and reproduction in vertebrates
(Binoux, 1995; Kappeler et al., 2008). One of the basal functions of
insulin is to regulate glucose up-take and to induce glycogen
synthesis (Hua, 2010). The insulin pathway is initiated by insulin
or by an insulin-like factor binding with the insulin receptor (InR).
The activated InR stimulates gene transcription and protein
synthesis by recruiting the phosphatidylinositide 3-kinase
(PI3K) to the cell membrane and generates PI (3, 4, 5) P3, thus
triggering protein kinase Akt phosphorylation and glycogen
synthase (GS) activation for glycogen synthesis (Saltiel and
Kahn, 2001).
The opposite effecter of the insulin pathway is the transcrip-
tion factors of Forkhead box class O (FOXO) family. Drosophila has
a single FOXO protein and human has four (Puig and Mattila,
2010). FOXO is a central regulator in many life processes includ-
ing metabolism, life span, cell cycle, growth, and stress resistance
by playing the opposite function of insulin, such as inhibiting
glycogen synthesis and promoting glycogenolysis (Kousteni,
2011). When insulin signaling is high, the FOXO pathway is
suppressed because insulin activates the protein kinase Akt that
phosphorylates and arrests FOXO in the cytoplasm. When nutri-
ents are limited, insulin levels drop and the FOXO pathway is
activated (Barthel et al., 2005). Given the important role of insulin
signaling on larval growth and metamorphosis and its effect on
20E synthesizing, we wonder how the two pathways insulin and
20E interact to regulate metamorphosis, and which kinds of
proteins participate in the co-operation.
The small GTPase Rab4, a member of the RAS superfamily, is
required in the insulin-mediated glucose transporter (GLUT4) to
the plasma membrane for glucose absorption into cells in adipo-
cytes and skeletal muscle cells (Imamura et al., 2003; Lee et al.,
2010). However, other studies have shown opposite results,
where the down regulation of Rab4b results in the blocking
GLUT4 to the plasma membrane, and increase the deoxyglucose
uptake in insulin induction (Kaddai et al., 2009). In addition to the
regulating roles in glucose absorption, Rab4 participates in insulin
signaling spread (Knight et al., 2000). These ﬁndings suggest that
Rab4 is involved in the insulin pathway; however, the role of this
protein in insect development remains unclear. Here we study the
function of Rab4b, a Rab4 isoform, during insect metamorphosis
to uncover the mechanism of hormone regulation on larval–pupal
transition.
The role of Rab4b in insect development was investigated
using a lepidopteran insect, the cotton bollworm H. armigera, as
a model to demonstrate the mechanisms of insulin and 20E in
regulating insect growth and metamorphosis. The results indi-
cated that Rab4b regulated gene transcription in the insulin and
20E pathways, which determines the glycogen level and meta-
morphosis. Rab4b plays roles by locating in the cytoplasm by
insulin induction, whereas Rab4b moves toward the cell mem-
brane by 20E direction. The transcription of Rab4b is upregulated
by insulin or glucose, not by 20E or juvenile hormone analogy
methoprene.Rab4b EXPF ATGTCTGAATCTTATGAATAC
Rab4b EXPR TTATACATGACAAGCACAATC
Rab4b F TTTGGTCGTTGGGAGTGCT
Rab4b R ATTGAATGAGTCCCGAGAAGT
Rab4b T7F GCGTAATACGACTCACTATAGGTTTGGTCGTTGGGAGTGCTG
Rab4b T7R GCGTAATACGACTCACTATAGGCTGAACCTATTCGCTCGGGAT
GFP T7F GCGTAATACGACTCACTATAGGTGGTCCCAATTCTCGTGGAAC
GFP T7R GCGTAATACGACTCACTATAGGCTTGAAGTTGACCTTGATGCC
Rab4b OveF TACTCAAGATCTCGATGTCTGAATCTTATGAA
Rab4b OveR TACTCAGTCGACTACATGACAAGCACAATCAGMaterial and methods
Insect rearing
The larvae used in the experiments were reared on an artiﬁcial
diet at 2771 1C under a photoperiod of 14 h light/10 h dark. Thedetailed methods were described in our previous work (Zhao
et al., 1998).
Cloning and phylogenetic analysis of Rab4b
The full-length Rab4b cDNA was obtained by random sequen-
cing. Two primers, Rab4bEXPF and Rab4bEXPR (Table 1), were
used to amplify the complete open reading frame (ORF) of Rab4b
cDNA. The PCR procedure was conducted as follows: 94 1C for
3 min, followed by 35 cycles of 94 1C for 30 s, 55 1C for 40 s, 72 1C
for 40 s, and 72 1C for 10 min. The database search was performed
using BLASTX (http://www.ncbi.nlm.nih.gov/). The gene transla-
tion and protein prediction were analyzed using ExPASy (http://
www.au.expasy.org/). The sequence alignment and phylogenetic
tree analysis were conducted using GENDOC (http://www.nrbsc.
org/downloads/gd322700.exe) and MEGA 3.1 software (http://
www.megasoftware.net/).
Semi-quantitative RT-PCR
Total RNA was separated from the tissues of the cotton boll-
worm at different developmental stages with Unizol reagent
(Biostar, Shanghai, China). Up to 5 mg of the total RNA was
reverse-transcribed into cDNA using M-MLV reverse transcriptase
(Clontech, California, USA). The cDNAs were used as templates of
RT-PCR. The primers used are displayed in Table 1. The appro-
priate PCR conditions were determined by checking the products
of the genes according to the method of Sui et al. (2009). 33-cycle
was used for Rab4b ampliﬁcation and 26-cycle for b-actin. The
experiment was repeated three times using independent samples
for statistical analysis.
RNA interference of Rab4b in the larvae
Double-stranded RNA of Rab4b were synthesized using MEGA
scriptTM RNAi kit (Ambion, Austin, TX, USA), following the method
described in our previous work (Hou et al., 2010). The primers in
Table 1 were used to amplify the cDNA template of Rab4b and
GFP. Up to 10 mg dsRNA was injected to the heamocoel of the 6th
instar 12 h larvae. A second injection was conducted at 6th instar
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condition as a control. In the 20E induction, the 6th instar 12 h
larvae were fed with food containing 20E (1 cm3 food mixed with
100 ml 2 mM 20E) and were injected with dsRNA of Rab4b or GFP.
In the insulin induction, 2 mg of bovine insulin in PBS was injected
to the 6th instar 108 h larvae, including those that had been
injected with dsRNA of Rab4b or GFP twice using the above
method. A total of 20 larvae per treatment and three repeats
were performed for the statistical analysis of the larval–pupal
transition, body weight, and glycogen levels. RT-PCR was per-
formed to examine the efﬁcacy of Rab4b silencing.
Glycogen quantity measurement
The glycogen was isolated from four larvae or pupae that were
knocked down of Rab4b or the sugar deprivation larvae (fed with
5% casein with 2% agrose). Their whole bodies were homogenized
in 5 ml 13% trichloroacetic acid (TCA). The homogenates were
centrifuged at 1200 g for 10 min, and then 1 ml supernatant
was precipitated with 4 ml 95% ethanol overnight. The mixture
was centrifuged at 1200 g for 20 min, and the sediment was
collected and air dried, and then ﬁnally dissolved with 1 ml H2O.
The glycogen solution (10 ml) was mixed with 990 ml ddH2O and
4 ml anthanone reagent (2 g anthanone dissolved in 1000 ml 80%
H2SO4). The mixture was then boiled for 10 min at 100 1C. The
OD620 was measured after cooling for 20 min. The standard curve
was obtained using 0.2 mg/ml glycogen solution under the same
experiment condition. The body weight of the larvae was mea-
sured before homogenization. Glycogen content was calculated
according to the standard curve and total body weight of insects.
The experiment was repeatedly performed three times, and the
data were analyzed statistically.
RNA interference of Rab4b in the HaEpi cell line
The HaEpi cell line was established in our previous study (Shao
et al., 2008). The dsRNA synthesis method was conducted similar
to the above description. The cells were incubated in 4 ml Grace’s
medium containing 8 mg dsRNA mixed with 10 ml Lipofectamine
2000 at 26 1C for 12 h without fetal bovine serum (FBS). The cells
were re-fed with standard Grace’s medium with 10% FBS contain-
ing 0.4 mM 20E or 2.5 mg/ml insulin (according to the study in
Aedes aegypi and B. mori) (Gu et al., 2009; Roy et al., 2007). Total
RNA was isolated after the cells were incubated with hormones
for 6 h. The gene transcription was examined by RT-PCR, and
analyzed statistically by three repeats. The primers used are
shown in Table 1.
Immunocytochemistry
For immunochemistry, the HaEpi cells were incubated in 2 ml
Grace’s medium for 12 h, and then the Rab4b gene was silenced
using the above method. The cells were then induced by 20E or
insulin in standard Grace’s medium with 10% FBS. Subcellular
location of FOXO was detected after 1 h induction. The cells were
then ﬁxed in 4% paraformaldehyde solution for 10 min at room
temperature (RT), and then washed with PBS three times (10 min
each time). The cells were permeabilized with PBS containing
0.3% Triton X-100 for 20 min at 37 1C. After being blocked with
2.5% BSA for 1 h, the cells were incubated overnight with the
antibody against FOXO (1:100 dilution). Goat anti-rabbit-Alexa
Fluor 488 (diluted to 1:1000) was used as secondary antibody and
incubated with the cells for 1 h at 37 1C. The nuclei were stained
with 40-6-diamidino-2-phenylindole dihydrochloride (DAPI; Ana-
Spec Inc., San Jose, CA; 1 mg/ml in water) for 10 min at RT. The
negative control was incubated with pre-serum.Overexpression of Rab4b in the HaEpi cell line
The DNA fragment encoding the Rab4b protein was ampliﬁed
using the primers containing the Bgl II and Sal I sites (Table 1), and
then subcloned to the pIEx-GFP vector encoding fused with the
green ﬂuorescent protein (GFP). pIEx-Rab4bDCT-GFP, which lacks
C-terminus containing two cysteine, was constructed using the
same method. The pIEx-GFP vector was used as a control. The
constructs were veriﬁed by direct sequencing. For overexpression,
the constructed plasmid pIEx-Rab4b-GFP (or pIEx-Rab4bDCT-GFP)
and the control vector pIEx-GFP were transfected into the HaEpi
cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 20E
(0.4 mM) or insulin (2.5 mg/ml) was added to the cell culture
medium after 48 h transfection. The subcellular location of Rab4b
was observed after hormone treatment for 1 h. The 40, 6-diami-
dino-2-phenylindole (DAPI) (1 mg/ml in water) was used for
nuclei staining. Fluorescence was observed under Olympus
BX51 ﬂuorescence microscope (Shinjuku-ku, Tokyo, Japan).
Hormone regulation on the transcription of Rab4b
Up to 2 mg bovine insulin (sigma) were injected into the 6th
instar, 1 h larvae. The control larvae were treated with an equal
volume of PBS buffer (140 mM NaCl, 10 mM sodium phosphate,
pH 7.4). The expression level of Rab4bwas examined after 3, 6, 12,
and 24 h post-induction by bovine insulin. For ecdysone steroid
20E treatment, a solution of 500 ng 20E in 5 ml PBS (20E dissolved
in DMSO as 10 mg/ml and diluted into PBS to 0.1 mg/ml) was
injected in the 6th instar 6 h larvae. Equal volume of diluted
DMSO was used as a solvent control for 20E. The total RNA was
isolated from 4 treated larvae 3, 6, 12, and 24 h post-treatments
for RT-PCR analysis. Three independent experiments were per-
formed for statistical analysis.
Effect of glucose on the expression of Rab4b
The 6th instar, 12 h larvae were reared on 5% casein with 2%
agrose to mimic the nutrient shortage condition according to the
method (Koyama et al., 2008). The glucose infection on Rab4bwas
examined in larvae feeding on 5% casein with 2% agrose and
additional 10% glucose. The control larvae were reared on normal
diet. Total RNA was extracted after feeding for 6, 12, and 24 h. The
transcript level of Rab4b was examined to study the effect of
glucose on Rab4b under nutrient shortage condition.Results
Rab4b is an evolutionally conserved gene
We analyzed the sequence to identify the gene. The whole
cDNA of Rab4b was 1004 bp, and the ORF encoded 213 amino
acids (Fig. S1A). The deduced protein showed an RAB domain.
HaRab4b shared 94, 79, 73 and 72% identities with Rab4bs from
B. mori, D. melanogaster, Mus musculus, and Homo sapiens, respec-
tively (Fig. S1B). All the Rab4 proteins shared common C–C
cysteine residues at the C terminus for membrane location
(Fig. S1B). The data from the phylogenetic analysis of HaRab4b
with similar proteins from other insects and vertebrates revealed
that this protein were evolutionary closest to the Rab4b of B. mori.
The similar proteins selected were grouped into two. Group I
included proteins from insects and Group II contained Rab4b
proteins from vertebrates, which demonstrated that it was con-
served evolutionarily. HaRab4b was different from GTPase
HaRab32 and GTPase Tc10 (Fig. S1C).
L. Hou et al. / Developmental Biology 371 (2012) 13–2216Rab4b is consistently transcribed in various tissues during
larval development
To understand the function of Rab4b in insect development, we
ﬁrst examined the transcription proﬁles of Rab4b during larval
development in various tissues by RT-PCR analysis. The results
showed that the gene was constantly transcribed during the
developmental process from the ﬁfth instar feeding stage to the
pupal stage. However, no different transcription proﬁles were
observed among the epidermis, midgut, fat body, and hemocytes
during the detected larval developmental duration (Fig. S2). These
facts indicate that Rab4b is a basic gene in maintaining larval
growth and development.Insulin+
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Fig. 1. RNA interference of Rab4b results in disturbed metamorphosis.
(A) Phenotypes after Rab4b knockdown, (a) in normal larvae; (b) in 20E-feeding
larvae; and (c) in insulin-injected larvae. Scale bar¼1 cm, (B) statistical analysis of
the phenotypes (n¼203).RNA interference of Rab4b results in disturbed larval development
and decrease in glycogen levels
Rab4b was knocked down by injecting dsRNA into the 6th
instar normal larvae and 20E or insulin-induced larvae to ascer-
tain the biological function of Rab4b in insect development. The
results showed that Rab4b knockdown in normal larvae blocked
pupation by producing small pupae, abnormal pupae, or larval
death (Fig. 1Aa). Similarly, Rab4b knockdown blocked the 20E or
insulin-promoted pupation by producing small pupae, abnormal
pupae, or larval death (Fig. 1Abc).
The statistical analysis showed that the larvae pupation
ratio in the dsGFP control, 20E, or insulin-induced conditions is
100%, 98%, and 86%, respectively. However, Rab4b knockdown
decreased the percentages of pupation to 24%, 26%, and 0% by
forming small pupae for the normal larvae, 20E, or insulin-treated
larvae, respectively. Some larvae survived the pupation, but
formed abnormal pupae with 22%, 24%, and 0% for the
normal larvae, 20E, or insulin-treated larvae, respectively. Most
larvae died after Rab4b knockdown, with 53%, 50%, and 100%
death in the normal larvae, 20E, or insulin induction, respectively
(Fig. 1B).
The effects of Rab4b knockdown on pupae weight, pupation
time, and glycogen content were analyzed statistically in the
pupae with various treatments. The data showed that the Rab4b
knockdown decreased the weight of insects past the transition
from larvae to pupae in normal or 20E induction. Rab4b knock-
down also delayed pupation time by 20 and 36 h in normal and
20E induced larvae, respectively. Moreover, Rab4b knockdown
decreased the glycogen content in the pupae in normal and 20E
induced larvae (Table 2). These data suggest that Rab4b is related
to glycogen accumulation and metamorphosis.
Decreases in glycogen level resulted in death
and abnormal pupation
The effects of decrease in glycogen level by Rab4b knockdown
and sugar deprivation in diet were investigated to demonstrate
the relationship between glycogen level and metamorphosis. The
results showed that sugar restriction or Rab4b knockdown in
larvae resulted in a decreased glycogen level in the larval body
compared with the control larvae injected with dsGFP (Fig. 2A).
The decreased glycogen level resulted in the blocking of meta-
morphosis and the production of small pupae 13–24%, abnormal
pupae 24–22%, and death 64–53% from sugar deprivation and
Rab4b knockdown, respectively (Fig. 2B). These results show that
glycogen level is critical to metamorphosis and that Rab4b is
critical to glycogen accumulation.Table 2
Statistical analysis of the effects of Rab4b knockdown in different treatments*.
Treatments
(larvae)
Pupae weight
(g) (measured
at P-0 h)
P Pupation time
(h) (From 6th-
0 to P-0 h)
P Glycogen
content (mg/g)
(measured at
P-0 h)
P
Control 0.31770.01 a 14476 a 17.42870.376 a
dsRab4b 0.21770.011 d 16478 c 13.31770.564 b
20EþdsGFP 0.28370.009 b 12074 b 16.31270.417 a
20EþdsRab4b 0.24470.017 c 15678 c 14.06870.331 b
InsulinþdsGFP 0.28970.02 b 13276 b 16.42570.572 a
InsulinþdsRab4b Died Died Died
n The letters in the table indicates the signiﬁcant difference (Po0.05) in
various treatments by one-way ANOVA.
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and insulin pathways
To demonstrate the molecular mechanism that knockdown of
Rab4b resulted in abnormal metamorphosis and glycogen
decrease, we examined the gene transcription in the 20E and
insulin pathways after Rab4b was knocked down because these
two pathways are related to growth and metamorphosis. The
results showed that the transcripts of Br and HR3, which regulate
metamorphosis in the 20E pathway, and GS, which takes part in
glycogen synthesis in the insulin pathway, were suppressed after
Rab4b was knocked down in the larvae, compared with the
control larvae injected with dsGFP. However, FOXO, a transcrip-
tion faction promoting glycolysis, was increased after Rab4b was0
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(B) statistical analysis of the RNAi from (A). * Indicates the signiﬁcant difference betw
po0.01, by Student’s t-test from three independent experiments. Total RNA was isolaknocked down (Fig. 3). These data indicate that Rab4b promotes
gene transcription in the insulin and 20E pathways, but sup-
presses FOXO transcription.Rab4b regulates gene transcription in the 20E and insulin pathways
To conﬁrm the roles of Rab4b in the 20E and insulin pathways
for gene transcription, Rab4b was knocked down by RNAi in the
HaEpi cell line, and transcripts of a set of genes involved in the
20E and insulin pathways were examined. The results showed
that 20E did not upregulate Rab4b, but enhanced the transcription
of EcR-B1, USP1, Br, HR3, and FOXO. However, after Rab4b was
knocked down, the transcription of Br and HR3 could not be
upregulated by 20E; whereas 20E induced FOXO was increased.
Although 20E did not increase GS transcription, the gene was
suppressed comparing to the DMSO treatment after Rab4b inter-
ference (Fig. 4A).
In contrast, insulin enhanced the transcription of Rab4b and
stimulated Br, HR3, and GS transcription, but inhibited FOXO mRNA
level. However, after Rab4b was knocked down, the transcription of
Br, HR3, and GS could not be induced by insulin, whereas the
inhibited FOXO was relieved (Fig. 4B). These results indicate that
Rab4b is necessary for insulin regulations on Br, HR3, GS and FOXO
expression.
However, the transcription of Br and HR3 showed no change,
but the expression of GS was reduced, and FOXO was stimulated
in the Rab4b silencing cells without hormone administration
(Fig. 4C). The different regulation on the gene transcription after
Rab4b silencing without hormone induction suggests the genes
are regulated by additional pathways.Rab4b participates in regulation on FOXO subcellular location
by insulin
Above results obtained from the RNAi knockdown of Rab4b in
the larvae and in the cell line demonstrated that FOXO transcrip-
tion was suppressed by Rab4b in the 20E and insulin pathways.
However, whether Rab4b determines the subcellular location of
FOXO remains unclear. We therefore investigated the subcellular
location of FOXO in the HaEpi cells after Rab4b was knocked
down. The results from both immunocytochemistry and Western
blot showed that 20E had no effect on the FOXO location in the
HaEpi cells after 1 h induction (Fig. 5A). In contrast, insulin
decreased FOXO nuclear location after 1 h treatment, whereas
the impaired nuclear localization was blocked after knockdown of
Rab4b (Fig. 5B). These data suggest that Rab4b participates in the
subcellular location regulation of FOXO by insulin.0
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2
Rab4b Br HR3 GS FOXO
dsGFP dsRab4b
pathways. (A) RT-PCR analysis of gene transcription after Rab4b knockdown;
een the treatments of dsRab4b and dsGFP. * Indicates po0.05, and ** indicates
ted from the whole body of the injected larvae at prepupal stage (6th 120 h).
Fig. 4. RT-PCR analysis of the gene transcription after Rab4b knockdown in the HaEpi cell line. The result shows that Rab4b regulates gene transcription in the 20E and
insulin pathways. (A) 20E induction; (B) insulin induction; (C) without hormone induction, the cycle numbers were increased for EcR-B1, USP1, Br, HR, and FOXO to show
the effect, (right panel) the statistic analysis for (left panel); (D) statistical analysis of (A) and (B) via Student’s t-test, * indicates po0.05, and ** indicates po0.01 using the
Student’s t-test from three independent experiments compared with (A) 20EþdsGFP panel or (B) insulinþdsGFP panel.
L. Hou et al. / Developmental Biology 371 (2012) 13–2218Rab4b plays roles in the insulin and 20E pathways by different
localization in the HaEpi cells
To demonstrate that Rab4b plays roles in the insulin and 20E
pathways, we investigated the subcellular location of Rab4b ininsulin and 20E induction by over expressing Rab4b in the HaEpi
cell line. The results indicated that Rab4b mainly existed in the
cytoplasm in normal conditions, and insulin could not alter the
cytoplasm location of Rab4b in 1 h. However, the 20E induced
Rab4b moving toward the cell membrane after 1 h induction
Fig. 5. Insulin impairs FOXO nuclear location through Rab4b. (A) 20E treatment
(0.4 mM) for 1 h (the upper panel); (B) insulin treatment (2.5 mg/ml) for 1 h (the
lower panel). Cy; cytoplasm; Nu; nucleus. The anti-Ha FOXO serum (1:100 to 2.5%
BSA) was prepared in our laboratory (unpublished). Scale bar¼50 mm. For western
blotting, equal amounts of protein from the cytoplasm or the nucleus (50 mg) were
subjected to each lane of 12.5% SDS-PAGE.
Fig. 6. Rab4b plays roles in the cytoplasm in the insulin pathway, but trafﬁcks to
the cell membrane by 20E induction. (A) Location of Rab4b-GFP; (B) location of
Rab4bDCT-GFP. Green ﬂuorescence was observed 48 h after plasmid transfection.
20E treatment (0.4 mM) for 1 h; insulin (2.5 mg/ml) for 1 h. Blue ﬂuorescence
indicates the nuclei stained by DAPI. Scale bar¼50 mm.
L. Hou et al. / Developmental Biology 371 (2012) 13–22 19(Fig. 6A). The 20E-induced Rab4b membrane location was abol-
ished after removing the C–C residues of the protein (Fig. 6B).
These results indicate that Rab4b is involved in the insulin and in
20E pathways by positioning in different subcellular locations for
signal transduction and that the C-terminus is required for
membrane trafﬁcking.Rab4b is upregulated by insulin, but not by 20E
Above results in the cell line indicated that Rab4b was
upregulated by insulin, but not by 20E. To conﬁrm the hormonal
regulation on Rab4b in vivo, we injected the 20E and insulin into
the 6th instar larvae, and examined the transcript of Rab4b,
together with Br and FOXO for hormone induction control,
respectively. The results showed that 20E did not effect the
transcription of Rab4b but induced Br and FOXO transcriptions
(Fig. 7A). The juvenile hormone analogue methoprene did not
affect the transcription of Rab4b, too (data not shown). However,
insulin could enhance the transcription of Rab4b in 3 to 12 h after
injection, in addition to increasing Br in 6 to 12 h, and suppressing
FOXO in 24 h (Fig. 7B). These results indicate that the transcrip-
tion of Rab4b is regulated by insulin.Glucose maintains Rab4b transcription
Because insulin pathway is triggered by glucose, we therefore
investigated the response of Rab4b to glucose to determine the
relationship of Rab4b and glucose. The RT-PCR analysis showed
that the transcription of Rab4b decreased sharply when the 6th
instar 12 h larvae were fed 5% casein without glucose. However,
the transcription of Rab4b was rescued by adding 10% glucose in
the food (Fig. 8). The result conﬁrms that Rab4b is tightly
regulated by the insulin pathway according to the glucose levels.Discussion
The present study reports that Rab4b is necessary for glycogen
storage under insulin regulation, and participates in larval–pupal
transition. The mechanism is that Rab4b regulates gene transcription
in the insulin and 20E pathways. Rab4b localized in the cytoplasm
and is involved in the suppression of FOXO by insulin, but moves
toward the cell membrane without affecting the FOXO location after
20E stimulation. Rab4b transcription is strictly regulated by insulin
pathway according to glucose levels. These results reveal that the
regulation of Rab4b on 20E and insulin modulated gene transcription
is essential for insect metamorphosis.Rab4b regulates glycogen level and metamorphosis
Nutrient shortage (starvation) in the larvae disturbs the
metamorphic transition and results in larvae death in early stages
because of their failure to reach the minimal viable weight (Mirth
et al., 2005; Mirth and Riddiford, 2007). Our results on sugar
restriction or Rab4b knockdown show the crucial role of glycogen
in metamorphosis. A decrease in glycogen results in small
pupae, abnormal pupae, or death. This phenomenon reveals that
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Fig. 7. Rab4b is upregulated by insulin in the larvae. (A) 20E injection (500 ng/
larvae), (B) insulin injection (2 mg insulin/larvae), (C) and (D) statistical analysis of
(A) and (B). * indicates the signiﬁcant differences (po0.05) between (A) the 20E
and the DMSO control, or (B) the insulin and the PBS control by Student’s t-test
analysis. Experiments were repeated independently three times. DMSO and PBS
were used independently as controls in the 20E and insulin treatment.
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Fig. 8. Glucose maintains Rab4b transcription. (A) mRNA level of Rab4b,
(B) statistical analysis of the data in A. Signiﬁcant difference was calculated by
Student’s t-test analysis according to three independent experiments. * indicates
po0.05, ** indicates po0.01.
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Fig. 9. Proposed schemes showing the roles of Rab4b in the insulin and 20E
pathways. 20E induces Rab4b to move toward the cell membrane to inhibit FOXO
transcription and promote Br and HR3 transcriptions for metamorphosis. Insulin
promotes Rab4b transcription. Insulin inhibits FOXO transcription and promotes
GS, Br, and HR3 transcriptions through Rab4b. Gene transcription determines the
glycogen level and metamorphosis. The red arrows indicate insulin direction, and
the black arrows indicate both the 20E and insulin directions.
L. Hou et al. / Developmental Biology 371 (2012) 13–2220glycogen storage contributes to body weight to determine the
initiation of metamorphosis.
In addition, glycogen is an energy stock for glucose supply
during fasting (Akman et al., 2011). Insects stop eating after
metamorphic commitment at the last instar. The energy for
further tissue remodeling during metamorphosis from larvae to
adult relies on the stored energy materials including glycogen.
Therefore, that decreased glycogen levels after knockdown of
Rab4b results in death and abnormal metamorphosis because
of the shortage of energy supply. The results conﬁrm the
crucial importance of glycogen storage in insect development
(Gal et al., 2001).
Rab4b regulates gene transcription in the insulin and 20E pathways
A previously reported function of Rab4 is the regulation of
GLUT4 trafﬁc from the cytosal to membrane for glucose uptake
(Imamura et al., 2003; Lee et al., 2010). However, our data suggest
that Rab4b functions as a regulator of gene transcription. The
decreased GS transcription and enhanced FOXO transcriptionafter Rab4b knockdown resulted in a decrease in glycogen content
that affected metamorphosis. The Rab4b participates in gene
transcription was also conﬁrmed by the results from the cell line,
where the knockdown of Rab4b suppressed the transcription of
GS, Br and HR3, but increased the FOXO in the insulin or 20E
pathways. The transcription factors Br and HR3 are strictly
regulated by 20E and play roles in insect molting and metamor-
phosis (Karim et al., 1993; Koyama et al., 2008; von Kalm et al.,
1994), here we found 20E induction on these two genes depend-
ing on Rab4b. Therefore, the suppression of Rab4b results in the
failure of metamorphosis. The upregulation of Br and HR3
through Rab4b by insulin indicated that the two pathways are
corporately involved in regulating metamorphosis.
The hormone stimulated transcription of Br and HR3 was
abolished after Rab4b knockdown, whereas, the expression of the
two genes was not effected by Rab4b RNAi in the normal cells. In
contrast, the transcription of GS and FOXO was effected by Rab4b
silencing in both with or without hormone induction cells. The
different response to Rab4b silencing between each gene is under-
standable. Since the gene transcription depends on net work; the
diverse regulations of Rab4b on different gene transcription suggest
L. Hou et al. / Developmental Biology 371 (2012) 13–22 21the genes could be regulated by additional pathway beyond 20E and
insulin signaling.
Insulin inhibits FOXO through Rab4b
The functions of FOXO are opposite to insulin by inhibiting
glycogen synthesis, promoting glycogenolysis and gluconeogen-
esis, inducing apoptosis, and suppressing growth. When insulin is
higher in nutrient-rich condition, the FOXO pathway is sup-
pressed by its phosphorylation and is located in the cytoplasm.
When insulin is lower during nutrients shortage in starvation, the
FOXO pathway is activated by its dephosphorylation and translo-
cates into the nucleus (Puig and Mattila, 2010). However, the
regulation of FOXO transcription is not clear. Our results show
that Rab4b is the suppressor of FOXO transcription. The knock-
down of Rab4b results in the increase of FOXO transcription In
addition to regulating the transcription level of FOXO, Rab4b
participates in FOXO subcellular location modulation by insulin.
The data suggest insulin inhibits FOXO through Rab4b, although
we do not ascertain whether Rab4b is a direct suppressor on
FOXO, our data demonstrate Rab4b is indeed required in insulin
restraining on FOXO.
Rab4b plays roles under 20E and insulin induction by positioning in
different parts of the cells
The small GTPases of the Rab family play roles in signal
transduction by its essential vesicle transport and trafﬁcking
activity (Stenmark and Olkkonen, 2001). For example, the Rab
family GTPases amplify Wnt/Frizzled signal (Koval et al., 2011),
regulate G protein coupled receptor (GPCR) recycled to the cell
membrane (Duvernay et al., 2005; Rosenfeld et al., 2002), and
inﬂuence GPCR signaling (Bhattacharya et al., 2004). An activated
Rab25 is located near the cell surface to regulate receptor
internalization, vesicle formation and trafﬁcking (Subramani and
Alahari, 2010). Our results indicate that 20E induces Rab4b
trafﬁcking toward the cell membrane, suggesting that the mem-
brane signaling in the 20E pathway. Insulin does not induce Rab4b
trafﬁcking to the cell membrane, which might be related to its
role of keeping FOXO in the cytoplasm.Conclusions
The transcription of Rab4b is strictly regulated by insulin
according to the glucose levels. Rab4b plays roles in the insulin
and 20E pathways to regulate gene transcription. In insulin
pathway, Rab4b locates in the cytoplasm, insulin through Rab4b
suppresses FOXO nuclear location and modulates gene transcrip-
tion, in which GS is for glycogen synthesis and Br and HR3 are for
metamorphosis. In 20E pathway, Rab4b travels toward the cell
membrane, 20E through Rab4b regulates the Br and HR3 tran-
scriptions for metamorphosis. In both of the two pathways,
insulin and 20E through Rab4b inhibit FOXO transcription. The
different gene transcription determines the glycogen level and
metamorphosis. Therefore, Rab4b is a distinct regulator in 20E
and insulin signal transduction pathways (Fig. 9).Acknowledgement
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